Background. During the 2012-2013 influenza season, there was cocirculation of influenza A(H3N2) and 2 influenza B lineage viruses in the United States.
Seasonal influenza vaccine effectiveness (VE) has been estimated every season since 2004-2005 in the United
States [1] [2] [3] [4] . Interim VE estimates from the US Flu VE Network during the first 4 weeks of the 2012-2013 influenza season suggested that vaccination was moderately effective against influenza-related outpatient visits in children and working-age adults [5, 6] . The 2012-2013 influenza season was notable for higher morbidity and mortality than previous seasons, with simultaneous cocirculation of influenza A(H3N2), influenza B/Yamagata, and influenza B/Victoria in the United States. The precision of type-and subtype-specific VE estimates in the interim report was limited because of the short enrollment period. The greater number of patients with influenza during the entire season allowed us to examine VE by type and subtype in different age groups and to perform stratified analyses for inactivated vaccines and live attenuated vaccine. For this full-season report, we estimated VE against influenza A(H3N2), influenza B/Yamagata (vaccine lineage), and influenza B/Victoria (nonvaccine lineage) by vaccine type and age group. We also assessed the impact of prior vaccination history on vaccine protection, because recent reports have suggested that VE may be affected by prior season vaccination [4, [7] [8] [9] [10] [11] [12] .
METHODS
Details of the US Flu VE Network design, sites, and enrollment procedures have been described previously [4] . Briefly, during the 2012-2013 influenza season, patients aged ≥6 months seeking outpatient medical care for an acute respiratory illness (ARI) with cough were recruited at outpatient clinics in Marshfield, Wisconsin; southeastern Michigan (Ann Arbor and Detroit); Temple-Belton, Texas; Seattle, Washington; and Pittsburgh, Pennsylvania. Patients meeting the symptom criteria were eligible if the duration of illness was ≤7 days and they had not received antiviral medication before enrollment. Recruitment and sample collection were performed by study personnel at each site. Recruitment was not influenced by the diagnosis of the treating physician.
Consenting patients or their parents/guardians completed an enrollment interview to ascertain patient demographic characteristics, symptoms, onset date, and subjective assessments of general health and current health status. History of chronic medical conditions was determined on the basis of International Classification of Diseases, Ninth Revision (ICD-9), diagnosis codes from the electronic medical record. Patients were considered high risk if they had a healthcare encounter resulting in an ICD-9 code corresponding to a high-risk condition during the year before enrollment [13] .
Nasal and throat specimens (for children age <2 years, only nasal specimens were obtained) were collected by swabbing and combined for influenza testing at network laboratories, using real-time reverse transcription polymerase chain reaction (RT-PCR) as previously described [4] . Viruses isolated from a sample of specimens positive for influenza A(H3N2) by RT-PCR were antigenically characterized by hemagglutination inhibition with a set of reference postinfection ferret antisera. Antigenic similarity was assessed relative to the cell-grown reference vaccine virus A/Victoria/361/2011. In addition, genotyping was performed by sequencing the HA, neuraminidase, and matrix genes on a subset of influenza A(H3N2) viruses as previously described [14] .
Estimation of VE
Influenza VE was assessed using a test-negative case-control design [15] [16] [17] . Cases were defined as persons with a medically attended ARI confirmed as influenza by RT-PCR. Controls were persons with a medically attended ARI who tested negative for influenza virus. The analysis was limited to patients who were enrolled during periods of influenza virus circulation at each site. We excluded controls with symptom onset before the first date or after the last date of symptom onset among influenza cases at each network site.
The primary exposure of interest was medical record/registry documented receipt of current-season influenza vaccine. Persons aged ≥9 years were considered vaccinated, given documented receipt of at least 1 dose of current-season (2012-2013) vaccine ≥14 days before illness onset. Children aged 6 months through 8 years were considered vaccinated if they received the number of doses recommended by the Advisory Committee on Immunization Practices (ACIP) for 2012-2013, based on their documented vaccination history [18] . Those who were vaccinated within 14 days of illness onset or vaccinated but did not receive all of the ACIP-recommended doses were excluded from the main analysis. Those without documented evidence of vaccine receipt and those vaccinated after illness onset were considered unvaccinated. For the 2012-2013 season, the northern hemisphere vaccine included the influenza A(H3N2) component A/Victoria/361/(2011), the influenza A(H1N1) component A/California/07/(2009), and the influenza B component B/Wisconsin/01/(2010)/Yamagata; the influenza A(H3N2) and influenza B components were different from those in the vaccine from the prior influenza season [19] .
We also estimated VE for all combinations of vaccine exposure in the current and prior season (2012-2013 and 2011-2012, respectively) among patients aged ≥9 years who have been in their current health system for at least the past year. We excluded children aged <9 years from this analysis because the criteria for being considered appropriately vaccinated in this age group were based on influenza vaccination history in prior seasons. The 4 vaccine exposure groups were (1) vaccinated in both the current and prior season, (2) vaccinated in the current season only, (3) vaccinated in the prior season only, and (4) not vaccinated in either the current or prior season (reference group). Patients vaccinated with unknown vaccine types or vaccine types other than trivalent inactivated influenza vaccine (IIV3) in the current season were excluded from analyses that included prior season vaccination.
Logistic regression models were used to estimate odds ratios (ORs) comparing vaccinated (including joint current and prior vaccine exposure) and unvaccinated subjects; VE was calculated as 100% × [1 − OR]. We generated separate VE estimates for influenza overall, influenza A(H3N2), influenza B/Yamagata, and influenza B/Victoria outcomes. VE estimates were generated for all licensed vaccines, IIV3, and trivalent live attenuated influenza vaccine (LAIV3). VE was not calculated for 2009 pandemic influenza A(H1N1) strain (A[H1N1]pdm09) because of the low number of cases (n = 52). Estimates for LAIV3 VE were restricted to children aged 2-17 years because LAIV3 use was low in adults.
Age, network site, high-risk health status, and calendar time (modeled as a series of dichotomous variables representing 2-week intervals) were included in all adjusted VE models a priori. (7) 80 (14) 5 (2) 323 (8) Hispanic 175 (8) 83 (6) 58 (10) 28 (9) 366 (9) Other, non-Hispanic 185 (8) 106 (8) 56 (10) 14 (5) Age in years was modeled using linear tail-restricted cubic spline functions with 5 knots based on percentiles. Other potential confounders (eg, sex, race/ethnicity, reported general health, and number of children in the household) were assessed but were not included in the adjusted (simple) model because the covariate did not change the VE estimate by >5% [20] . A difference in VE of ≤5% was not considered meaningful. For age group-specific estimates, we used stratified models with data in only the range of the age group of interest (age 6 months-8 years, 9-17 years, 18-49 years, 50-64 years, and ≥65 years). Age was modeled as a linear term in the age-specific models. For comparison with prior season estimates, we also generated a fully adjusted VE model that included additional covariates (including those that did not change the VE estimate by >5%). These included age, sex, race/ethnicity, high-risk health status, reported general health, interval (in days) between illness onset and specimen collection, and calendar time [4] .
To better understand the relationship between age and VE, we calculated VE by single year of age. In these models, we used data from ages 1 through 75 years and included an interaction term between the age and current-season vaccination status. Ages of <1 and >75 years were not included in this analysis because of the sparse data. Age was represented as a restricted cubic spline function with 5 knots based on percentiles.
VE was also estimated using 2 alternative means of representing vaccination status: by incorporating self-reported status with medical record/registry documentation and by using self-report only.
Statistical analyses were conducted using SAS statistical software (version 9.3; SAS Institute, Cary, North Carolina). P values of < .05 or a 95% confidence interval (CI) excluding 0% for VE was considered statistically significant. Adjusted estimates were not reported if the validity of the model fit was questionable.
RESULTS

Participant Characteristics
From December 2012 through early April 2013, we enrolled 6766 patients with medically attended ARI; the peak enrollment of cases occurred in January. Among those enrolled, 314 (5%) were excluded from analysis of VE because of inconclusive RT-PCR test results (n = 16), negative results with illness onset outside the period when cases were identified at each site (n = 43), i The validated EQ-5D health ruler [21] was used to assess patient health on the day of enrollment. Data are presented on a scale of 1 (worst) to 100 (best). receipt of vaccine <14 days from onset (n = 68), receipt of an invalid vaccine dose (n = 1), and incomplete vaccination status, based on ACIP recommendations for children <9 years old (n = 186).
Of the 6452 patients included in the analysis, 2307 (36%) were influenza virus positive, including 1381 (60%) infected with influenza A virus and 933 (40%) infected with influenza B virus. Among cases where influenza virus subtype/lineage could be determined, 1292 were influenza A(H3N2), 52 were A/H1N1pdm09, 582 were influenza B/Yamagata, and 303 were influenza B/Victoria. Ten patients had virus coinfections: 7 were positive for both influenza A and B virus, and 3 were positive for both B virus lineages.
Median age was 28 years (interquartile range [IQR], 9-50 years) for case patients and 30 years (IQR, 10-51 years) for control patients (P = .2, by the Wilcoxon rank sum test). Among case patients, the median age was 34 years, 14 years, and 12 years among those infected with influenza A(H3N2), influenza B/Yamagata, and influenza B/Victoria, respectively. Compared with control patients, case patients were less likely to have a high-risk condition and more likely to report their general health as excellent; however, reported current health (at the time of enrollment) was rated lower by case patients (Table 1) . There was a higher proportion of females among individuals with influenza, and those with influenza were more likely to live in the same household with ≥2 children (age <12 years), compared with controls. Patients with influenza and control patients did not differ significantly by race/ethnicity, obesity status, or household exposure to smoke. The median time from onset to enrollment was 3 days for both groups.
There were 2877 patients (45%) with documented currentseason influenza vaccine receipt ≥14 days before symptom onset. Of these, 83% received IIV3, 8% received LAIV3, <1% received intradermal or intramuscular high-dose vaccine, and 8% had an unknown vaccine type. LAIV3 accounted for 126 vaccines (19%) administered to enrolled children aged <9 years. Vaccine coverage was lowest among adolescents and among adults aged <50 years old and highest among adults aged ≥65 years (Table 2) . Compared with unvaccinated participants, vaccinated individuals were more likely to be female; to be white, non-Hispanic; to have a high-risk condition; to have no children aged <12 years in the household; and to have household exposure to cigarette smoke. Vaccinated individuals were less likely to report their general health status as excellent. The median time to enrollment was 3 days from onset for both vaccinated and unvaccinated patients.
Current and prior season vaccination statuses were highly correlated. Among patients who received current-season vaccination, 70% were also vaccinated during the prior season. Among patients who did not receive current-season vaccination, 81% were not vaccinated during the prior season. Approximately 60% of adults aged ≥65 years were vaccinated during both the current and prior seasons. In contrast, 22% of patients aged 9-17 years and 21% aged 18-49 years were vaccinated during both seasons.
Current-Season VE
Overall adjusted VE was 49% (95% CI, 43%-55%) against all outpatient influenza illness. VE was 39% against influenza A (H3N2) (95% CI, 29%-47%), 66% against the vaccine lineage influenza B/Yamagata (95% CI, 58%-73%), and 51% against c Presence of ≥1 medical record-documented high-risk codes in prior year, as defined by the ACIP guidance for conditions that increase risk for complications from influenza. d The validated EQ-5D health ruler [21] was used to assess patient health on the day of enrollment. Data are presented on a scale of 1 (worst) to 100 (best).
the nonvaccine lineage influenza B/Victoria (95% CI, 36%-63%; Tables 3 and 4 ). There was significant protection against influenza A(H3N2) among patients aged 6 months-8 years, 18-49 years, and 50-64 years (Table 3) ; VE CIs among children aged 9-17 years and adults aged ≥65 years included 0. VE estimates from the simple and fully adjusted models were similar overall and within age strata (Supplementary Table 1 ). Examination of VE as a function of continuous age ( Figure 1A and 1B) Data are for all vaccine types. Influenza B/Yamagata was the vaccine strain.
Abbreviations: CI, confidence interval; NR, not reported because estimates were unstable in adjusted models. a Adjusted for network site, subject age in months, presence of high-risk health conditions, and calendar time (2-week intervals).
demonstrated a gradual decline in children and adolescents, and a relatively stable VE among working-age adults. These results were generally consistent with the age-stratified measures, but the CIs were wide when VE was assessed by year of age. The effectiveness of IIV3 and LAIV3 did not differ significantly among children aged 2-17 years. VE against influenza A (H3N2) was 36% (95% CI, 15%-51%) for children who received IIV3 and 46% (95% CI, 13%-66%) for those who received LAIV3. VE against the B vaccine lineage (Yamagata) was 68% (95% CI, 54%-77%) for children who received IIV3 and 53% (95% CI, 20%-73%) for those who received LAIV3. Data were too sparse to estimate VE against influenza B/Victoria (nonvaccine lineage) by vaccine type. In analyses incorporating self-reported vaccination status, VE estimates were similar to estimates determined using medical record/registry data only (Supplementary Table 2 ).
Current-and Prior-Season VE
The effectiveness of IIV3 was calculated with persons who were unvaccinated in both the current (2012-2013) season and the prior (2011-2012) season as the reference group. Protection against influenza A(H3N2) in the current season was similar for participants aged ≥9 years old who received vaccine in both the current and previous seasons, the current season only, and the previous season only (Figure 2) . The adjusted VE against influenza A(H3N2) was 35% (95% CI, 21%-47%), 37% (95% CI, 19%-51%), and 33% (95% CI, 12%-49%), respectively, for these 3 groups. The pattern of current-and priorseason VE against influenza A(H3N2) varied by age, but CIs were wide. Among children aged 9-17 years, significant protection against influenza A(H3N2) was conferred by receipt of current-season vaccine alone, and residual protection was evident among those vaccinated with prior-season vaccine alone. However, children aged 9-17 years who were vaccinated in both seasons had significantly lower VE point estimates against influenza A(H3N2), compared with those who were vaccinated in the current season only (P = .01). Among those aged 18-49 years, all 3 vaccination histories provided significant protection against influenza A(H3N2). Adults aged 50-64 years had significant protection if they received both current-and priorseason vaccine, while VE was lower and CIs overlapped with 0 for receipt of prior-or current-season vaccine alone. VE was close to 0 for all vaccine combinations among adults aged ≥65 years.
Overall VE against influenza B was similar across all combinations of current-and prior-season vaccination and for all age categories ( Figure 3) . The adjusted VE against influenza B/Yamagata among those aged ≥9 years was 62% (95% CI, 48%-73%) for both-season vaccination, 69% (95% CI, 52%-80%) for current-season vaccination only, and 50% (95% CI, 24%-67%) for prior-season vaccination only. For the nonvaccine lineage (Victoria), the adjusted VE was 59% (95% CI, 36%-74%) for both-season vaccination, 64% (95% CI, 33%-81%) for current-season vaccination only, and 69% (95% CI, 35%-85%) for prior-season vaccination only (data not shown).
Virus Characterization
Antigenic characterization demonstrated that influenza A (H3N2) viruses from 226 participants were antigenically similar to the cell-propagated A/Victoria/361/2011 reference virus (data not shown). Among the 44 viruses sequenced, 42 (95%) belonged to HA clade 3C and were similar to the majority of circulating influenza A(H3N2) viruses in the United States (Supplementary Figure 1) .
DISCUSSION
The widespread circulation of influenza A(H3N2) and both influenza B-lineage viruses in 2012-2013 in the United States Figure 1 . Trivalent inactivated influenza vaccine effectiveness (VE) against influenza A(H3N2) (A) and influenza B/Yamagata (B), by year of age among persons aged 1-75 years. VE estimates were derived by including an interaction term between age and current-season vaccination status in the logistic model, in which age was represented as a restricted cubic spline function with 5 knots based on percentiles. The confidence intervals represent the uncertainty around the point estimate at each age. VE data are adjusted for network site, subject age, presence of high-risk health conditions, and calendar time (2-week intervals).
provided an opportunity to compare the age-specific VE of (IIV3) by influenza virus subtype. Influenza vaccination provided significant protection against medically attended influenza A (H3N2) and influenza B illness; significant protection was also observed in all age groups except individuals ≥65 years old. Cocirculation of both influenza B lineages during this season provided a unique opportunity to directly compare the VE for the vaccine lineage and the nonvaccine lineage.
We found that vaccination with a trivalent vaccine containing influenza B/Yamagata was effective against infection caused by influenza B/Victoria, indicating significant cross-lineage protection. Cross-lineage protection was also observed in Canada during 2012-2013 [12] and in the United States during 2011-2012 [4] . In contrast, data from Canada during 2011-2012 showed little or no cross-lineage protection [11] , and previous studies have assumed little or no cross-lineage protection when Figure 2 . Age-specific trivalent inactivated influenza vaccine effectiveness (VE) of current and prior vaccination against influenza A(H3N2) among persons age ≥9 years, in which persons not vaccinated in either the current or prior season served as the reference group. VE data are adjusted for network site, subject age, presence of high-risk health conditions, and calendar time (2-week intervals). *P = .01 for comparison between the 2 vaccine groups. Abbreviation: CI, confidence interval. Figure 3 . Age-specific trivalent inactivated influenza vaccine effectiveness (VE) of current and prior vaccination against influenza B/Yamagata among persons age ≥9 years, in which persons not vaccinated in either the current or prior season served as the reference group. VE data are adjusted for network site, subject age, presence of high-risk health conditions, and calendar time (2-week intervals). Abbreviation: CI, confidence interval.
estimating the value of quadrivalent influenza vaccines [22] . However, our 2012-2013 season results, taken together with similar findings in 2011-2012 [4] , suggest that licensed quadrivalent vaccines may provide little or no additional protection than that offered by trivalent vaccines. Further research is needed to assess whether the benefits of a quadrivalent vaccine may be greater in children who have had few natural influenza B infections, compared with older individuals.
The VE estimate for influenza A(H3N2) in the United States was consistent with other reports estimating the VE against influenza A(H3N2) during 2012-2013 [12, [23] [24] [25] and with laboratory findings from US national virological surveillance [14] . Although virus surveillance indicated no antigenic drift between the circulating influenza A(H3N2) viruses and the cellgrown reference vaccine virus, the egg-propagated A/Victoria/ 361/2011 reassortant virus used in vaccine production acquired 3 amino acid changes in the antigenic region of HA (at positions H156Q, G186V and S219Y [mature H3 HA numbering]), which altered its antigenicity significantly. It is known that propagation of influenza viruses in eggs creates selection pressure for avianadapted viruses that may differ antigenically and genetically from viruses grown in mammalian cell culture [14] . The impact of these minor antigenic and genetic changes on vaccine protection is uncertain. The 2013-2014 influenza A(H3N2) vaccine virus component was updated from A/Victoria/361/2011 virus to A/Texas/50/2012, which is a similar virus with fewer egginduced changes and is considered more antigenically representative of the majority of circulating viruses [26] .
Although we identified >2300 cases of influenza during this season, comparison of VE by vaccine type, virus subtype, and age was challenging because of sparse numbers in some strata. The low VE estimate against influenza A(H3N2) among adults aged ≥65 years has also been noted by others [6, 27] . This low VE against influenza A(H3N2) and relatively high VE against influenza B viruses suggest that other factors (eg, prior exposures to infections and vaccination), in addition to immunosenescence [28] , may be important modifiers of VE in this age group. Although low VE in elderly adults has been previously reported, little is known about VE in older children and adolescents. Few observational studies have had adequate sample size to measure VE in adolescents, and randomized clinical trials have focused on younger children [29] . The lower VE against influenza A(H3N2) among older children, compared with other age groups, was an unexpected finding, as influenza vaccine performance in this age group was similar to that in other age groups during the 2011-2012 season [4] . Whether the observed low VE in older children this season is consistently present in other influenza A(H3N2) seasons is uncertain, but further work is needed to investigate factors that might contribute to lower protection in older children.
Our large sample size allowed age-specific analysis of the effects of current and prior season vaccination, the first time this was possible for an observational study. Overall, we found minimal differences in effectiveness against influenza A(H3N2) and influenza B for each of the 3 current and prior season vaccination exposure groups, suggesting some residual effect of prior vaccination on current-season VE. This was generally consistent when data were stratified by age. Residual protection of prior season vaccination may have also affected overall estimates. Estimates were lower among those aged 9-17 years and 18-49 years, in whom residual protection from priorseason vaccination only was observed, compared with adults aged 50-64 years, in whom protection from prior-season vaccination only was not observed. These results may give some insight into the lower VE in certain age groups this season. The immunologic effects of repeated vaccination are not well understood, and additional studies are needed to understand the impact of past infections, past vaccinations, and antigenic variability on the risk of illness [30, 31] .
The absolute difference in the interim VE estimate (based on early season data) [6] and the final, end-of-season VE estimate reported here was 7% for all influenza types and 8% for influenza A(H3N2). The final VE was lower than the interim VE in both cases, but the CIs overlapped. Interim and final VE estimates were nearly identical for influenza B. Overall, this comparison and comparisons of interim and final VE estimates from Canada and Europe suggest that interim VE estimates derived from early season data provide useful and timely information on vaccine protection that can inform vaccine strain selection [12, [23] [24] [25] . However, interim VE estimates are necessarily based on a limited number of participants, and it is not possible to assess differential vaccine effects by product type, age group, or past vaccine exposures. Full-season data remain essential to provide more-precise VE estimates and examine differences in protection by host and virus characteristics.
In the United States, the ACIP recommends that all persons aged ≥6 months receive routine annual influenza vaccination, and vaccine antigens are changed on a regular basis [26] . It is therefore important to monitor vaccine performance against circulating strains annually. The distribution of influenza virus types and subtypes can vary substantially over time and in different geographic areas. Seasonal VE estimates should be reported by virus type, subtype, and lineage and by vaccine type, to facilitate valid comparisons, including specific estimates within standard age strata. Separate estimates, by vaccine type, should be generated whenever possible. In addition, cost-effectiveness research could be used to estimate the direct and indirect benefits of repeated annual vaccination on the burden of influenza in different age strata.
Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases online (http://jid.oxfordjournals.org). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author.
Notes
